Arterial spin labeling (ASL) perfusion is a MRI technique to quantify tissue blood flow. ASL is a non-invasive technique that labels the protons in the arterial blood by radiofrequency pulses, without the exogenous injection of contrast media. This article has three goals: 1) present the principles of ASL perfusion, the types of labeling and the ways to obtain the mapping; 2) specify and the quality criteria for the mapping obtained, while emphasizing the artifacts; and 3) describe the main encephalic and renal applications.
by limiting the main disadvantage: a low signal-to-noise ratio (SNR). Therefore, ASL reveals, in an entirely noninvasive manner, perfusion anomalies in many disorders, in particular encephalic diseases. ASL sequences have recently become available in clinical MRI scanners. However, their use in everyday clinical practice remains confidential.
This article aims at presenting the principles of ASL, the conditions for its use with clinical MRI scanners and the main artifacts as regards clinical use. Although ASL has been successfully used to study renal perfusion, this article is focused on the study of cerebral perfusion.
Principle of arterial spin labeling perfusion General principle of arterial spin labeling
It consists of a differential technique during which two acquisitions are carried out: one with the labeling of arterial protons and a control acquisition. With the techniques most often used, the magnetic labeling of arterial protons is carried out upstream from the volume of interest, at the neck vessels, by radiofrequency pulses. The labeled protons then migrate via the arterial vessels towards the brain tissue where they pass from the capillary compartment to the extravascular compartment. At time TI (inversion time) after the pulsed labeling, corresponding to the time required for the labeled protons to perfuse the tissue, the images are acquired with a rapid imaging technique (Fig. 1) .
The control acquisition is obtained without arterial labeling. The arterial protons of the volume of interest are then in equilibrium and completely relaxed. The subtraction of the labeled and control acquisitions suppresses the signal from the static tissue and provides a perfusion-weighted image [1] . The difference in signal is only several percent. Many repetitions of labeled-controlled paired images have to be acquired, and averaged to ensure an adequate SNR.
Under several conditions, a perfusion quantification model may be used to obtain the quantitative mapping of the cerebral blood flow (CBF) in mL/100 g tissue/min ( Fig. 2) . 
Main methods for data acquisition
The acquisition of data involves two basic steps: the labeling of the circulating blood protons and the acquisition of images.
Proton labeling techniques
There are three main techniques of proton labeling: continuous labeling (CASL), pulsed labeling (PASL), and pseudo-continuous labeling (pCASL).
Continuous labeling
CASL is the method initially proposed by Williams et al. in 1992 [1,2] . The labeling is continuous through a thin slice at the neck level. The inversion of the magnetization is obtained by the joint application of continuous pulsed radiofrequency for 2 to 4 seconds and a magnetic field gradient in the direction of the flow. Although CASL provides higher perfusion contrast than other types of labeling [3] , it has two major disadvantages: the considerable magnetization transfer (MT) effects and the high level of the energy deposited in the tissue (SAR). The MT effects correspond to the partial saturation of macromolecules and a reduction in the signal from the free-water in the studied volume. Several methods have been developed to reduced these MT effects; first for single slice acquisitions and second for multi-slice acquisitions. Their principle is based on the application of additional pulsed radiofrequencies during the control acquisition, although at the price of a high SAR [4] . This effect can be avoided by using labeling-specific coils differing from the image acquisition coil [5, 6] .
Pseudo-continuous labeling
To limit the duration of the application of the radiofrequency pulse, the CASL may be approached by the use of several RF pulses, using the body coil. This method called ''pseudocontinuous ASL'' has the combined advantages of CASL and PASL [7] . that differ according to the zone of labeling with respect to the slices: symmetrical methods and asymmetrical methods [8] . The basic symmetrical method, flow alternating inversion recovery (FAIR), uses a non-selective inversion pulse during the control, that becomes selective with the addition of a slice selection gradient for the labeling [9] . The asymmetrical methods, for which the first version, echoplanar MR imaging and signal targeting with alternative radio frequency (EPISTAR) was described in 1994, have a labeling zone with a thickness of 10-15 mm, located upstream from the volume of interest [10] . With the EPISTAR sequence, an inversion pulse provides the labeling after saturation of the magnetization. During the control acquisition, the labeling volume is located downstream from the volume of interest in order to control the MT effects. Several modifications were then made in this sequence for the multi-slice study [11] , while limiting the MT effects (TILT sequence) [12] , to improve the profile of the labeling slice (PICORE sequence) [13] and to reduce the sensitivity of the arterial transit time (QUIPPS, QUIPPS II, Q2TIPS sequences) [14, 15] .
Other methods
Several approaches have also been developed to obtain the selective labeling of an artery to study its downstream territory [16] [17] [18] , or to selectively label some arterial velocities [19] .
Image acquisition
The labeling effect of ASL is weak. Many repetitions of labeled-controlled paired images have to be acquired, and averaged to ensure adequate SNR. Due to its satisfying SNR and the rapid acquisition limiting the movement artifacts, ''echo-planar imaging'' (EPI) is the technique mainly used. The main disadvantage is the presence of distortions in the regions with a high magnetic susceptibility.
3D sequences have been developed to improve the quality of the images. It is possible to use ultra-fast, singleshot 3D sequences combining gradient echo and spin-echo acquisition (GRASE) [20] . Its use thereby facilitates the elimination of the signal from static tissue [21] . This type of sequence theoretically provides a better SNR, a better cover and fewer magnetic susceptibility artifacts than 2D EPI sequences.
Optimization with the clinical MRI scanner

Influence of the MRI hardware
High magnetic field
The use of high magnetic field MRI significantly improves the quality of ASL images [22] . In fact, with high magnetic field, there is a higher increase in signal than in noise and therefore an increase in the SNR. In addition, the lengthening of the T1 of tissue and therefore the proton labeling time in ASL helps increase the perfusion signal. The doubling of the signal in CASL and PASL acquisitions was thereby obtained at 3 and 4 T when compared with acquisitions at 1.5 T [3, 23] .
Phased array coil
Another approach to improve the SNR of ASL is the use of phased array coils. Due to the sensitivity of the elements at the surface of the coil, the SNR is increased not only in the regions close to the coil, such as the cortex, but also in the entire image [24] . The absolute quantification of the CBF is not affected by the effects of the sensitivity profile of the coil [25] . Thereby, the SNR increases with the number of coil elements [26, 27] . In addition, this type of coil enables the use of parallel imaging (PI). PI techniques such as sensitivity encoding (SENSE) or generalized autocalibrating partially parallel acquisitions (GRAPPA) have shown to improve the quality of images [27] . This improvement is especially distinct in long echo train sequences such as EPI. The possible reduction of the TE mainly reduces the magnetic susceptibility artifacts [28] .
Data processing and quantification
Application of a model that takes into account the labeling type and parameters is necessary to quantify tissue perfusion from the perfusion-weighted image.
Data pre-processing
Before quantification, the data should be pre-processed to improve the quality of the images. The ASL image series have to be adjusted to correct the subject's movements. They may also be ''denoised'' using the high-resolution anatomical image (3D T1) segmentation [29] . The pre-processing methods used are mainly generic methods. However, the processing of ASL data also requires specific developments. Automatic analysis was proposed to study muscle perfusion by ASL with automatic rejection of images during the detection of considerable movement and with the search for characteristic pixels of vessels by a cluster analysis [30] . Moreover, automatic detection methods for brain vessels, using explicit models, have been developed to facilitate their elimination during multi-TI acquisitions [31] . Asllani et al. have also proposed, for the correction of partial volume effects in the quantification of the CBF, an algorithm that regulates the quantification according to the white matter -grey matter distribution in the voxel [32] . Moreover, Wells et al. have used several ASL de-noising methods. They demonstrated that different methods, in particular analysis by independent components, may reduce errors in the estimate of the CBF and the arterial transit time (ATT) without a modification in image contrast [33] .
Quantification
The subtraction between labeled images and control images provides a perfusion-weighted image ( M). The relationship between M and the CBF depends on the proton density of the tissue, the relaxation time T1 of the labeled tissue and blood, as well as their difference. It also depends on the transit time between the labeling area and the volume of interest.
The first model proposed to quantify the CBF was based on several hypotheses: the blood is considered to arrive at a constant speed and the labeled protons are considered to be a diffusible tracer that passes into the tissue as soon as they arrive [1, 2] . Therefore, it was possible to use a single compartment model in which the relaxation time of the labeled protons is no longer that of the labeled blood but that of the labeled tissue. Several improvements were then successively proposed to reach the general kinetics model proposed by Buxton et al. [34] . In this model, the difference in magnetization between the labeled and control images is described by using a convolution:
where M 0 , is the magnetization at equilibrium in an arterial blood voxel, c(t) the fractionated arterial input function, r(t-) the output of the labeled protons from the voxel and m(t-) the effects of longitudinal relaxation. This model is applicable with CASL and PASL provided that the parameters are adapted. However, there are many sources of quantification error: the transit time, the vascular artifacts, the form and efficacy of the inversion pulse, the effect of the dispersion of the bolus, the blood-tissue distribution coefficient of the labeled protons and the magnetization of the blood at equilibrium [35] .
In addition to the CBF, other perfusion parameters may be estimated with ASL, provided that specific methods of acquisition or different quantification models are used. It is therefore possible to quantify the arterial arrival time (AAT) and the volume of arterial blood with a multi-TI sequence, such as the quantitative STAR labeling of arterial regions (QUASAR) sequence [36] . Table 1 sums up the recommended conditions of acquisition to ensure optimum quality of the mapping obtained. The quality of the mapping obtained in ASL may be altered by several types of artifacts, whether or not specific to the technique or patient-related.
Arterial spin labeling quality criteria
Arterial spin labeling-specific artifacts
Vascular artifacts
Vascular artifacts are mainly visible with PASL, although they may also be visible with CASL. They correspond to hypersignals located in the vascular, arterial or venous, deep or juxtacortical structures. The linear arterial juxtacortical hypersignals should be differentiated from cortical perfusion ( Fig. 3 ). These artifacts are related to the presence of labeled protons in the vessels. In the arteries, their presence is often related to the arterial transit time. For example, if the TI chosen is too short, of if the arterial transit time is high, as in severe carotid stenosis, the labeled blood will not have the time to reach the capillaries and will thereby be detected in the arteries (Fig. 4 ). This artifact may be of clinical value since, for example, it is an indicator of presence and intensity of the collateral arterial network in moyamoya disease [37] . One way to reduce the signal from the vessels in a homogenous manner is to add crushers. They are bipolar gradients applied in several directions during the acquisition, just before the acquisition of images, to eliminate the rapid flow (over several cms/s) ( Fig. 5) [38, 39] .
Venous artifacts are visible with long TI or with certain types of labeling such as the FAIR technique [40] .
Signal loss in the upper slices
The overall loss of signal in the upper slices is induced by the relaxation of labeled protons over time. This artifact is especially visible in the upper slices with a caudocranial 2D acquisition. It is above all visible at 1.5 T, since the labeling duration is shorter due to the shorter T1 of the blood (Fig. 6 ). 3D acquisition reduces this artifact as does the use of parallel imaging that may reduce the time of acquisition of slices, therefore the time between the slices [25] . Figure 5 . Effect of the application of crushers. a: vascular artifacts (arrows); b: there is a major reduction in these artifacts when bipolar crusher gradients are applied.
Physiological hyperperfusion/hypoperfusion
Areas of hypoperfusion and hyperperfusion are sometimes visible in the normal perfusion mapping and are related to physiological modifications in the perfusion.
Areas of hyperperfusion
Visible in the occipital region, according to certain authors, they are due to an activation of the visual areas in the MRI environment [41] . The hyperperfusion visible in the internal frontal region has already been described with other perfusion techniques [42] . This may also involve phenomena related to the transit time and residual vascular signal (Fig. 7) .
This aspect is considered as normal in the young and middle-aged subject and decreases with age and the factors of cardiovascular risk [41, 42] .
Areas of hypoperfusion
These areas extend from the frontal and occipital horns to the frontal and parieto-occipital cortex [43] . They globally correspond to the arterial border-zones ( Fig. 8 ). This hypoperfusion is bound along the TTA of these regions [43] . This aspect may be associated with the difficulty, in some situations, of obtaining a reliable CBF measurement in the white matter [44] . 
Post-gadolinium arterial spin labeling
Gadolinium contrast media significantly reduce the T1 of the blood. This shortening is such that, after labeling by ASL, it is not possible to detect the minor difference between the labeled and control images ( Fig. 9) . Therefore, it is not possible to carry out an ASL sequence immediately after the injection of gadolinium. A minimum of 12 hours seems necessary with respect to the half-life of gadolinium contrast media.
Non-specific artifacts
A certain number of artifacts are not ASL specific, but have an effect on the quality and homogeneity of the mapping.
Magnetic susceptibility artifacts
Magnetic susceptibility artifacts are related to the rapid acquisition of images and are particularly visible with EPI sequences. They are visible as a focal reduction in perfusion at the base of the skull, in the temporal and frontal region (Fig. 10 ). They are also present in hematomas, calcifications, metal materials or in contact with early post-surgical changes.
One way to reduce these artifacts is to use less sensitive methods of image acquisition such as True-FISP or 3D GRASE and/or use parallel imaging [20, 25, 27, 45] .
Movement artifacts
The multiple repetitions required to obtain a satisfactory SNR make the sequence sensitive to movement artifacts. As in BOLD-fMRI, these artifacts may also produce strips at the periphery of the brain (Fig. 11) [41] . These artifacts may be the source of focal or diffuse areas of false hypo or hyperperfusion (Fig. 12 ). The methods of adjustment are of limited efficacy when the movements are sudden. It is therefore preferable to exclude from the analysis all images overly subject to movement.
Sensitivity of the coil elements
The sensitivity of the different elements in a phase array coil differs slightly. If an element is defective or if the sensitivity differs greatly from the other elements, this results in a peripheral focal area where the perfusion differs ( Fig. 13 ). It is necessary to confirm this artifact by obtaining a second sequence acquisition by positioning the patient's head differently in the coil. A post-treatment correction may also be added by using M 0 mapping [41] . Figure 13 . Sensitivity of a phase array coil element. These perfusion-weighted images, in three subjects, acquired with the same coil, show that the signal appears greater in all subjects when near one of the coil elements.
Parallel imaging artifacts
These non-specific artifacts are less distinct on perfusion mapping than on the native imaging, due to the subtraction [25] . With the SENSE and mSENSE techniques, these artifacts appear as aliasing [46] . With the GRAPPA technique, these artifacts produce a diffuse or even grainy image with high acceleration factors (Fig. 14) [27] .
Clinical applications
Cerebral perfusion
ASL has been applied in most of the neuroscience fields, on healthy subjects and patients, thanks to its non-invasive nature and the access to a reproducible and validated quantification of the CBF with respect to other cerebral perfusion Figure 14 . Parallel imaging artifacts. Parallel imaging artifacts are above all visible in the native images (upper line). They increase with the parallel imaging factor (here factor 2 and 4). With the generalized autocalibrating partially parallel acquisitions (GRAPPA) technique, they are the cause of a grainy appearance of the image, while with the sensitivity encoding technique (SENSE), they provide aliasing. On the cerebral blood flow mapping (lower line), they are less clearly visible, but are responsible for an increase in noise. techniques [38, 47] . Several recent reviews have described these applications [35, 48, 49] .
The value of ASL has been demonstrated in acute and chronic neurovascular diseases where the perfusion anomalies revealed concord with other techniques (Fig. 15 ) [50] [51] [52] , sometimes with an overestimate when compared with perfusion MRI [53] . In tumor disorders, ASL specifies the grade of the tumor and measures the effects of antiangiogenic therapy [54] [55] [56] . Local changes in cerebral perfusion have also been detected in epilepsy and neurodegenerative disease, such as Alzheimer's disease or frontotemporal dementia [55, 57] . The latter two disorders can even be distinguished by ASL with their different profiles of perfusional abnormalities [58] . In amyotrophic lateral sclerosis, the reduction in perfusion is correlated with the severity of the disease [59] . Several rare studies have examined psychiatric diseases, in particular depression [60, 61] , sleep deprivation [62] , or the addictions [63] . Certain disorders, such as multiple sclerosis, have been very little studied by ASL [64] . Finally, in spite of the advantages of ASL in the pediatric population, in particular a shorter transit time and a higher CBF than in the adult, very little specific works has been carried out on this population [65] [66] [67] .
If ASL in general analyses the overall cerebral tissue perfusion, selective labeling methods of a cervical artery also analyze the perfusion of the downstream area and the presence of possible substitutes for this area via the development of collaterality [16, 68] .
Functional MRI with arterial spin labeling (fASL)
It is possible to obtain mapping of brain activation by the analysis of the time course of the perfusion measured by ASL during an activation paradigm (fASL) and by directly studying the variations in perfusion that accompany neuronal activation. A recent review has described this technique and its applications [69] .
fASL paradigms have explored motor, visual and language functions [70] [71] [72] [73] . fASL has also explored the mechanisms of learning and memorization [74] , stress control [75] or pain response [76] . The main interest over the BOLD-fMRI is the absolute quantification of CBF variations during neuronal activation [70, 77] . Several recent studies have shown that fASL benefits from better interindividual [72] and intra-individual [71] reproducibility. fASL also seems to be more precise than BOLD-fMRI in terms of temporal resolution, with a more synchronous signal kinetics of neuronal activation [77] . Finally, fASL provides a better spatial localization of neuron activity [73] .
Extra-cerebral applications of arterial spin labeling
From the beginning, ASL was used to study renal perfusion [78] . The measurements, mainly obtained with FAIR techniques, are correlated with those obtained by SPECT, including cases of stenosis of the renal artery, and are similar in the renal cortex to those with T1-weighted perfusion MRI [79, 80] . A recent study has demonstrated the good intra-and inter-session reproducibility of these measurements [81] . The feasibility of ASL for the characterization of renal adenocarcinomas and their monitoring after ablation by radiofrequency has been demonstrated [82, 83] .
With the technical developments, it seems possible to obtain, within an experimental context, information about the perfusion of pathological bone or the pancreas, or even an organ with a low perfusion level, such as the prostate [84] [85] [86] . 
Conclusion
The absence of irradiation or the exogenous injection of a contrast medium, as well as the access to a reproducible quantification of perfusion parameters, make ASL an especially interesting technique in the study of tissue perfusion, in particular the brain and kidney. ASL is becoming available on clinical MRI and its use is increasingly easy. Nevertheless, the quality of ASL images may be limited by their low signal-noise ratio and by several types of artifacts that are important to know. In addition, homogenization of the techniques of proton labeling, image acquisition and data processing will allow for the large-scale use of ASL and thereby validate its potential clinical applications. 
TAKE-HOME MESSAGES
Advantages of ASL
Clinical case
This 55-year-old woman presents a left parietal expansive process (Fig. 16 ). The T1 post-contrast axial section reveals annular enhancement (a). An increase in the cerebral blood volume is visible (white arrow) on the mapping calculated from the magnetic susceptibility of gadolinium in a T2*-weighted perfusion sequence (b). The perfusion mapping obtained by ASL before the injection of gadolinium (c) also shows this hyperperfusion in a ring (black arrow). The diagnosis of glioblastoma is made after examination of the surgical sample taken after the MRI.
Questions
1. What is the main perfusion parameter measured by ASL? What are the characteristics? 2. What are the main advantages and disadvantages of ASL? 3. Why is the use of a 3 T MRI also an advantage for ASL? Answers 1. The CBF. It represents the amount of blood that passes through the tissue per unit of time. The unit is mL/100 g/min. The quantification of the CBF by ASL is reliable, reproducible and correlated with other techniques, in particular the techniques of nuclear medicine. By using multi-TI techniques, that are still not available on clinical MRI, it's possible to obtain measurements of the arterial transit time. However, the measurement of the cerebral blood volume is not possible with ASL. 2. Provided that the usual contra-indications are complied with for MRI, ASL is a completely non-invasive technique to study perfusion (no ionizing radiation, no exogenous injection of contrast media). The absolute quantification of the CBF is possible and is reliable and reproducible. The main disadvantage is the low signal-noise ratio related to the subtraction between ''labeled'' images and ''control'' images. This requires a minimum acquisition of 3 min and a spatial resolution that is inferior that of the other techniques (MRI or CT-scan). The multiplicity of acquisition techniques and processing currently available on clinical MRI render large-scale use difficult. Figure 16 . The T1 post-contrast axial slice shows annular contrast (a). An increase in the cerebral blood volume is visible (b, white arrow) on the mapping calculated from the T2*-weighted perfusion sequence of magnetic susceptibility with the injection of gadolinium (b). The perfusion mapping obtained by arterial spin labeling before the injection of gadolinium (c) also shows this hyperperfusion in ring (black arrow).
3. The increase in the magnetic field increases the signalnoise ratio. Moreover, since the relaxation time is longer, the duration of the labeling increases. The increase in distortions is widely compensated at the encephalic level by the use of phased array coils (the signal increases with the number of elements, near the elements, as well as at the center of the image) and by the use of parallel imaging.
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